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esponsibility of ChinAbstract In this article Fischer–Tropsch (FT) synthesis was studied over cobalt nanoparticles supported
on modiﬁed Montmorillonite (Zr-PILC). Co-loaded/Zr-PILC catalysts were synthesized by hydrothermal
methods and were characterized by XRD, XRF, BET, H2-TPR, TGA and SEM techniques. FT reactions
were carried out in ﬁxed bed microreactor (T¼225 1C, 260 1C and 275 1C, P¼1, 5 and 10 bars). The
FT-products obtained over Co-loaded/Zr-PILC catalysts showed increased selectivity of C2–C12
hydrocarbons and decreased selectivity towards CH4 and higher molecular weight hydrocarbons (C21) at a
TOS of 2–30 h as compared to the Co-loaded/NaMMT catalysts. With increase in reaction temperature from
225 1C to 275 1C, CO-conversion and CH4 selectivity increases while that of C5+ hydrocarbons decreases.
Decrease in CH4 selectivity while increase in C5+ hydrocarbons and CO-conversion were observed on
increasing the pressure of reaction.
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Fischer–Tropsch (FT) synthesis has attracted worldwide attention
in the last few decades due to the rapidly diminishing petroleum
resources and the increased demand for energy and environment
friendly (sulfur, nitrogen and aromatics free) synthetic fuel. The
large reservoirs of coal, natural gas and biomass on earth surface
can act as a sole alternative to petroleum for energy production. In
this regard, FT technology has widely been used for the conver-
sion of syngas (CO+H2), derived from the gasiﬁcation of coal,g by Elsevier B.V. All rights reserved.
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chemicals [1,2]. For the production of synthetic fuel from syngas,
the research has focused on the development of highly active,
stable and less expensive catalysts. To date, the most efﬁcient
transition metal based FT-catalysts include, iron, cobalt, ruthenium
[3,4], and their mixed oxides [5–8] with or without promoter [9–
14]. Due to the lower extent of deactivation, water gas shift
activity and selectivity towards linear hydrocarbons, cobalt is
preferred over iron and ruthenium in academic as well as on
industrial scale [15].
The catalytic activity of various metals largely depend upon the
type of support used for the dispersion of metal particles, and
improved catalytic activity of cobalt-based catalysts have been
achieved by the dispersion of cobalt particles on high surface area
supports. The most common supports for FT-catalysis include,
refractory oxides (Al2O3, SiO2), mesoporous oxides (MCM-41,
MCM-48 and SBA-15) and SiC [15–19]. The catalytic activity and
products selectivity is directly related to the type of support used,
therefore, search for the new support in FT-catalysis is always
worked out. Pillared clays have recently been investigated as
efﬁcient support materials [20,21]. A type of naturally occurring
clay like Montmorillonite (MMT) is having the tendency to be
used as a catalysts support due to its cheapness, high surface area
and environment friendly nature. MMT supported catalysts have
been used in the areas of material science, chemistry, environment
and physics [22].
However, the major problems associated with MMT are its low
thermal stability and lack of porosity [23] which can be overcome
by different modiﬁcations like heat treatment, acid treatment and
pillaring. Among which pillaring is preferred due to the thermal
stability of pillared framework at moderate temperature to reserve
the tetrahedral or octahedral structure of MMT [24]. Structurally
MMT consist of octahedral central metal layer sandwiched by
two tetrahedral silicate layers from the sides with 2:1 layered
structure [25], sodium ions and calcium ions present between the
layers of MMT can balance the net negative charge on the lattice
produced by the substitution of Si+4 with Al+3 and Al+3 with
Mg+2 due to which, the MMT governs the property to grip guest
molecules between its layers. Thus pillaring agents such as
hydroxy-metal cations have been used for the separation of
MMT lattice layers by replacing the alkali and alkaline earth
metal cations, which upon calcination result in the formation of
large surface area microporous material. For high surface area and
pore volume, different metal oxides (MOs) (M¼Al, Ti, Zr, Cr)
have been used to replace the sodium ion present in the interlayer
of MMT clay [26]. MMT supported catalysts have been widely
investigated for the hydrocraking of petroleum waxes and also in
the ﬁeld of FT-synthesis [20]. However MMT supported cobalt
and iron catalysts for FT-synthesis have been reported to produce
too much CH4 and CO2, the most undesirable products of
FT-synthesis due to the presence of Na+ in the interlayer of
MMT responsible for the inhibition of MO reduction [27]. This
lower catalytic activity and higher CH4 and CO2 selectivity can be
overcome by pillaring MMT with Al+3 which enhance the surface
area of support MMT. It also increases the pore volume and pore
diameter due to the contribution of Al+3 to replace the Na+ in the
MMT interlayer and enhance the reduction of MO to metallic
particle [27].
In the ﬁeld of degradation, the use of MMT support has been
reported, which shows that some metal particles intercalate in the
interlayer's of MMT thus exhibiting synergetic effect [25]. To the
best of our knowledge there is no report on the Co-nanoparticlesupported on Zr-pillared MMT (Zr-PILC) catalysts for FT-synthesis.
In this article we have studied FT reaction over cobalt nanoparticle
supported on Zr-PILC for the ﬁrst time.2. Experimental
2.1. Materials
SodiumMontmorillonite (NaMMT), Zirconium Oxychloride (ZrOCl2 
8H2O) and cobalt nitrate (Co(NO3)2  6H2O) from Sigma-Aldrich were
of analytical grade and used without any further puriﬁcation. NaMMT
was selected as a starting material to prepare the Zr-PILC.2.2. Preparation of Zr-PILC
Zr-PILC was prepared by the already reported method [26,29].
Calculated amount of ZrOCl2  8H2O was added to 100 mL deionized
water to prepare 0.1 M pillaring solution. The above solution was
added (1 mmol Zr/g of clay) to the suspension of 2 wt%
NaMMT with a continuous stirring for 24 h at 100 1C, the resultant
slurry was centrifuged at 5000 rpm, washed several times with
deionized water to remove excess of sodium and chlorine, dried at
100 1C overnight, powdered and then calcined at 400 1C for 5 h to
yield the desired product.2.3. Preparation of Co-loaded/Zr-PILC
Hydrothermal method was used to synthesize Co nanoparticle
supported on Zr-PILC, with different wt% of Co, represented as
10% Co/Zr-PILC, 15% Co/Zr-PILC and 20% Co/Zr-PILC.
To prepare 5 g catalyst, calculated amount of calcined pillared
clay was added to 0.1 M solution of Co(NO3)2  6H2O with
constant stirring. The resultant suspension along with NH4OH
(33%) was transferred to teﬂon-lined autoclave which was
previously ﬂushed with argon. The pressure inside the autoclave
was increased from 13 bars on heating at 160 1C. After 1 h, the
resultant material was cooled, ﬁltered, washed thoroughly with
deionized water and dried in oven at 100 1C overnight. The dried
material was powdered by grinding, sieved through a 125 mm
sieve and ﬁnally calcined at 400 1C for 5 h.2.4. Characterization of prepared catalyst
The synthesized catalyst samples were analyzed using Scintag
XDS 2000 diffractometer. BET surface area and pore volume were
measured at liquid nitrogen temperature (78 K) by Coulter SA
3100 BET surface area and pore volume analyzer. The reduction
study for supported cobalt phase was carried out using H2-tempera-
ture program reduction catalytic surface analyzer (TPDRO/1100
Series, Thermo Electron Corporation). Thermo gravimetric analysis
(TGA) was carried out on Mettler TGA/SDTA 851e. The chemical
composition was determined by using JEOL Model JSX-3202M
X-ray ﬂuorescence spectrometer (XRF). The morphological charac-
terization of catalysts was studied with scanning electron microscopy
(SEM/JEOL JSM 6490-A) equipped with energy dispersive X-ray
spectrometer (EDX).
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The catalytic tests were carried out in a ﬁxed bed micro reactor
(Fig. 1) operating at various pressures. Different experiments with
catalyst volume, reaction temperature, reaction pressure and
compositions were performed and tested for activity and selectiv-
ity. From this data, experimental conditions were standardized.
1 g of Co-loaded/Zr-PILC catalyst was held in the middle of the
reactor using quartz wool. It was pre-reduced in-situ at atmo-
spheric pressure in a ﬂowing H2 stream at 400 1C for 6 h. The H2/
CO reaction was carried out at 225 1C, 260 1C and 275 1C (P¼1,
5 and 10 atm, H2/CO¼2) for 30 h. Reactant and product streams
were analyzed using on line gas chromatograph (Varian, model
CP-3800) equipped with a sample loop, a thermal conductivity
detector and ﬂame ionization detector. The contents of sample
loop were injected automatically into a packed column (CP-
PoraPLOT Q fused silica PLOT, 25 m 0.53 mm, dn¼20 μm).
Helium was employed as a carrier gas for optimum sensitivity. The
calibration of GC was carried out using standard hydrocarbon
mixtures and pure compounds obtained from Scott Specialty Gases
UK [28].3. Results and discussion
3.1. Chemical composition
The chemical composition determined through XRF of NaMMT,
Zr-PILC, Co-loaded/Zr-PILC, are given in Table 1.
Due to the complete substitution of Na+ present in MMT
interlayer by ZrO2, there is an increase in the content of ZrO2 from
0 to 36.4 for Zr-PILC, while the content of MgO, Al2O3 and SiO2
changed slightly for the all the Zr-PILC and Co-loaded PILC
samples conﬁrming that there is no marked change in the
composition of naturally occurring clay sheets. The contents of
ZrO2 were slightly decreased for Co-loaded catalysts.
3.2. XRD characterization
After pillaring of NaMMT with Zr, the replacement of smaller
cation (Na+) present between two dimensional NaMMT inter-
layer structure causes change in the gallery height and d001 basalFig. 1 Schematic diagram showing the pos
Table 1 Chemical composition of the prepared catalysts (wt%).
Samples SiO2 Al2O3 ZrO2
NaMMT 57.01 29.50 0.00
Zr-PILC 36.10 20.13 36.40
10% Co/Zr-PILC 35.27 20.09 27.77
15% Co/Zr-PILC 34.02 19.97 25.49
20% Co/Zr-PILC 32.20 19.20 23.67plane [29]. The XRD pattern for NaMMT in Fig. 2a shows an
intense peak at 2θ value (71) with (001) basal reﬂection, basal
spacing of 1.18 nm and a host layer thickness of 0.93 nm. Gallery
height of 0.25 nm was calculated by subtracting the host layer
thickness from the obtained basal spacing of the NaMMT which is
almost similar to the previously reported value [29]. For Zr-PILC
(Fig. 2a) the 001 basal reﬂection is observed comparably at lower
2θ value (41) with increased d-spacing of 1.94 nm and the gallery
height of 1.01 nm, which reﬂects an expansion in the layered
structure of Zr-PILC as a consequence of pillaring [30]. The rest of
the peaks at 2θ of 19.71 and 351 showing characteristic two
dimensional layers structure of MMT, remained unchanged [31].
However the peak at 281 is due to the quartz and hydroxide of
metal silicate impurities [32]. The decrease in intensity of (001)
peak for Zr-PILC is due to the intercalation of Zr into the pillared
clay (PILC) and slight decrease in layered structure of PILC.
The XRD pattern of Co-loaded/Zr-PILC, catalysts, as shown in
Fig. 2b gives the (001) diffraction peaks and basal reﬂection of
Zr-PILC with no separate peak for Zr, conﬁrm a complete transfer
of Zr to the interlayer of NaMMT.
Some broad cobalt oxides (Co3O4) peaks at 19.51, 31.41, 36.91,
44.91 and 59.61 (JCPDS 65-3103) in all samples indicate a
uniform dispersion of pure Co3O4 nanoparticles on PILC [20].
There is no reﬂection of cobalt aluminates or silicate in the XRD
pattern showing that only highly dispersed Co3O4 nanoparticles
exist and there is no interaction of Co with PILC components
[33,34]. Scherer equation was used to calculate the average
crystallite size of the Co3O4 nanoparticle and was found in the
range of 16–28 nm.3.3. BET studies of Co-loaded/Zr-PILC
Table 2 and Fig. 3 show the textural properties and adsorption
desorption isotherms for Zr-PILC and Co/Zr-PILC respectively.
The increased surface area of Zr-PILC (261 m2/g) as compared to
NaMMT (39.243 m2/g) indicate that Zr has successfully replaced
Na+ present in the silicate layer of NaMMT (Table 2). The larger
surface area is ascribed to the higher N2-adsorption as a result of
increased pore volume and formation of new pores because of
Zr-pillaring [23]. However, decreased surface area and pore
volume for Co-loaded Zr-PILC can be attributed to the presenceitioning of equipment and ﬂow of gases.
Na2O Fe2O3 MgO Co2O3
4.65 2.23 6.34 –
o0.001 0.89 6.10 –
o0.001 0.86 5.57 09.88
o0.001 0.89 4.45 15.14
o0.001 0.87 4.11 18.84
Fig. 2 XRD patterns of (a) NaMMT and Zr-PILC and (b) Co-loaded/Zr-PILC.
Table 2 Textural properties of the prepared catalysts.
Sample BET (m2/g) Pore diameter (Å) Pore volume (cm3/g)
NaMMT 39.24 4.80 0.08
Zr-PILC 261.00 26.41 0.18
10% Co/Zr-PILC 239.01 24.00 0.17
15% Co/Zr-PILC 238.21 20.20 0.15
20% Co/Zr-PILC 236.03 18.32 0.13
Fig. 3 N2-Adsorption desorption isotherm of NaMMT, Zr-PILC and
Co-loaded/Zr-PILC.
Fig. 4 H2-TPR proﬁle of the samples.
Zr-pillared montmorillonite supported cobalt nanoparticles for Fischer–Tropsch synthesis 377of metal particles at pore openings and on the surface of the pores.
The average pore diameter and pore size calculated for all of the
sample were nearly constant, therefore the pore blocking of Co can
be neglected [35]. The type-IV isotherm (Fig. 3) along with type
H4-loop according to IUPAC classiﬁcation indicate that the
narrow slit shaped porous structure of pillared clay is preserved
after calcinations at 400 1C [20] while the smaller pore size and
pore volume for NaMMT proves nonporous nature of NaMMT.3.4. TPR studies
The reduction behavior of prepared samples is presented in Fig. 4.
Generally, reduction of cobalt oxide undergoes from Co3+ to Co2+
and Co2+ to Co1 in ﬁrst and second steps respectively [20,36–39].
From the TPR proﬁle it is obvious that 20% Co/NaMMT showed
three peaks, the ﬁrst small peak at 210 1C can be attributed to the
N. Ahmad et al.378decomposition of Co(No3)2 [40] while peaks at 278 1C and 379 1C
are due to the two step Co-reduction. The reduction temperature
for Co-loaded/Zr-PILC was lower than that of Co/NaMMT
(Fig. 4). This decrease in Co reduction temperature can be
assigned to the enhanced dispersion of cobalt nanoparticles on
the surface of Zr-PILC evident from their SEM micrograph and
decreased metal support interaction as a result of Zr-pillaring.
From the TPR-proﬁle it is obvious that Co-loaded/Zr-PILC
undergo complete reduction as compared to the Co/NaMMT.
The incomplete reduction of Co/NaMMT and its higher CH4
selectivity was attributed to the presence of Na+ present in
interlayer of MMT which is successfully replaced by Zr after
pillaring [27].Fig. 6 TGA curve of the samples.3.5. NH3-TPD studies
NH3-TPD was used to study the acidic properties of our prepared
samples. The NH3-TPD analysis of NaMMT showed the nonacidic
nature of NaMMT (Fig. 5). After pillaring with Zr, the acidity of
MMT increased, and certain amount of stronger acidic site (Lewis
acidic sites) at desorption peak near temperature maximum of
650 1C while the lower temperature desorption peak for weaker
acidic site (bronsted acidic sites) were observed due to the
contribution of the acidic zirconia to replace the Na+ of MMT.
There was no marked difference in the acidity of Co-loaded
Zr-PILC. All the Co-loaded samples showed similar acidic nature
to those of Zr-PILC. Due to this increased acidic nature of
Zr-PILC, higher hydrocracking ability of the prepared samples
in FT reaction was noticed.3.6. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was performed to study the
decomposition pattern of our prepared samples (Fig. 6). All of our
prepared samples follow three step decomposition pattern with
greater and more continuous weight lose for Co-loaded/Zr-PILC as
compared to the Co/NaMMT. Weight lose in ﬁrst step at 150 1C
can be assorted to the removal of physically adsorbed water while
a small weight lose between 200 and 600 1C is due to the
dehydroxylation and interlayer water removal. In the third stepFig. 5 NH3-TPD proﬁle of the samples.comparatively greater weight loss at 700 1C can be attributed to
the dehydroxylation and collapse in clay structures [41–45].
3.7. SEM studies
Scanning electron microscopy was used to study the surface
morphology and microstructure of our prepared samples. The
SEM micrograph for Zr-PILC (Figs. 7a and b) showed that after
calcinations at 400 1C the ﬂake like structure of the pillared clay
which was needed for enhanced dispersion of cobalt nanoparticles
was reserved and the well dispersed and uniformly distributed Co
nanoparticles can be seen on the surface of Zr-PILC.4. FT catalytic activity
4.1. Catalytic activity of 20% Co/NaMMT
The FT-products obtained over 20% Co/NaMMT (Fig. 8) showed
lower CO-conversion (12%) which decreased further with
increase in time on stream (TOS). After a reaction of 10 h the
CO-conversion decreased to 5% along with increased CH4
selectivity (45%). The main reason for lowered catalytic activity
was ascribed to the presence of Na+ in MMT support, responsible
for inhabitation of Co-reduction [20]. Since FT-reaction occurs at
the surface of metallic cobalt rather than Co-oxide, thus lower CO-
conversion and higher CH4 selectivity of 20% Co/NaMMT can be
attributed to the incomplete reduction of cobalt oxide to metallic
cobalt near the reaction temperature [20], as evident from TPR-
proﬁle (Fig. 4a). In this ﬁnding we have tried to overcome the
limitation of NaMMT as a support for Co-based FT-catalysts by
replacing Na+ of MMT with Zr through ion exchange method.
After pillaring, Zr successfully replaced Na+ of MMT and
resulted in increase of its surface area, pore volume and pore
diameter (Table 2). The inter layer cation play a vital role in the
CO-conversion as is obvious from the results that 20% Co/
NaMMT catalyst showed much lower CO-conversion (10%)
which reaches a minimum of 5% with increase in TOS. On the
other hand Co-loaded/Zr-PILC showed higher CO-conversion of
44.5%, 47% and 53% for 10, 15 and 20 wt% Co/Zr-PILC
respectively (Fig. 9a), which remained almost same for 30 h of
TOS. Beside the CO-conversion, 20% Co/NaMMT showed very
Fig. 7 SEM micrograph of (a) Zr-PILC and (b) 20% Co/Zr-PILC.
Fig. 8 CO-conversion and CH4 selectivity verses TOS for 20%
Co/NaMMT.
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over different wt% Co/Zr-PILC. The FT-products obtained over
Co-loaded/Zr-PILC showed much lower CH4 selectivity of
15.24%, 16.8% and 18% for 10% Co/Zr-PILC, 15% Co/Zr-PILC
and 20% Co/Zr-PILC, respectively at a TOS of 30 h (Fig. 9b). The
increased CO-conversion and decreased CH4 selectivity of Co/Zr-
PILC can be assorted to the homogenous and uniform distribution of
Co nanoparticles on the surface of Zr-PILC as conﬁrmed by SEM
micrograph (Fig. 7) and secondly due to the ability of Zr to replace
the Na+ of MMT hence decreasing the reduction temperature and
assuring complete reduction of Co-oxide near the reaction tempera-
ture (Fig. 4). From the increased catalytic activity and lower CH4
selectivity of Co-loaded/Zr-PILC as compared to Co/NaMMT
catalysts it was conﬁrmed that Zr-pillaring showed positive impact
on the MMT supported Co catalysts similar to the effect of
Al-pillaring reported by Wang et.al [20]. After pillaring with Zr the
acidity of MMT were increased and there was the presence of both
Lewis (strong) and Bronsted (weak) acidic sites evident from NH3-
TPD proﬁle (Fig. 5). For enhanced hydrocraking reaction, to convert
higher molecular weight hydrocarbons (waxes) to lower gasoline
range hydrocarbons, the acidic nature of Zr-PILC supported Co
catalysts played an important role. The FT-products obtained over
Co-loaded/Zr-PILC catalysts showed increased selectivity of C2–C12
hydrocarbons and decreased selectivity towards higher molecular
weight hydrocarbons (C21) at a TOS of 2–30 h. This decrease in
C21-selectivity is due to the cracking of long chain hydrocarbons at
the acidic site of MMT [46–50].4.2. Effect of reaction temperature on catalytic activity
of catalysts
To study the effect of reaction temperature on the catalytic activity
of our prepared catalysts, 20% Co/Zr-PILC was selected due to its
higher catalytic activity among all the samples. The catalytic
activity of the selected catalyst was tested at temperatures of
225 1C, 260 1C and 275 1C. At high reaction temperature of
260 1C and 275 1C along with increased Co-conversion of 57%
and 60%, CH4 selectivity were also increased to 20% and 25%,
respectively while gradual decrease in C5+ hydrocarbons was
noted (Fig. 10a). This behavior of catalyst can be attributed to the
higher hydrogenation activity of catalyst at high temperature
similar to the performance of standard cobalt–thorium catalysts
[51]. Thus due to higher CH4 selectivity at high reaction
temperature, it is not beneﬁcial in Co-based FT-synthesis was
similar to the reported results [52].
4.3. Effect of reaction pressure on catalytic activity of catalysts
Reaction pressure also imparts crucial role on the activity and
selectivity of FT-catalysts. The FT reaction carried out at a
pressure of 1, 5 and 10 bar is shown in Figs. 10b. For 20% Co/
Zr-PILC, at a pressure of 1 bar, the CO-conversion was 53%,
while selectivity of CH4 and C5–C12 hydrocarbons was 18% and
45.2%, respectively. As the pressure is increased to 5 and 10 bar,
the CO-conversion increased to 55% and 58.5%, while CH4
selectivity decreased to 16.8% and 15%, respectively. The percent
selectivity of C5–C12 hydrocarbons increased to 47.3% and 48%
(Fig. 10b) with a little change in the selectivity of C13–C20 and C21
+ hydrocarbons. It can be concluded that higher pressure favors the
production of high molecular weight hydrocarbons as a result of
chain growth probability [53]. The increase in CO-conversion can
be ascribed to the increase in partial pressure of hydrogen because
the reaction rate is proportional to the hydrogen partial pressure
[54] and the increased selectivity of the C5+ hydrocarbons is due
to the increased CO partial pressure. The results of different
catalysts for FT synthesis are summarized in Table 3.5. Conclusions
Due to the increased surface area, an increased catalytic activity from
Zr-PILC for FT synthesis was achieved. The uniform and homo-
genous dispersion of Co nanoparticles on the surface of Zr-PILC
show higher CO-conversion, increased selectivity towards C2–C12
Fig. 9 (a) CH4 Selectivity (b) CO-conversion vs. TOS over Co/NaMMT and Co-loaded/Zr-PILC catalysts.
Fig. 10 Effect of (a) reaction temperature and (b) reaction pressure on FT-catalytic activity.
Table 3 Results of Different catalysts for FT synthesis.
Catalysts CO-Conversion CO2-Selectivity C1 (Wt%) C2–C12 (Wt%) C13-C20 (Wt%) C21 (Wt%)
20% Co/NaMMT 10.0 2.3 40.0 12.5 8.0 37.2
10% Co/Zr-PILC 44.5 2.1 15.2 44.2 16.5 22.0
15% Co/Zr-PILC 47.0 2.1 16.8 44.7 17.0 19.4
20% Co/Zr-PILC 53.0 2.3 18.0 45.2 17.4 17.1
N. Ahmad et al.380hydrocarbons and decreased selectivity of C21+ hydrocarbons as a
result of hydrocraking reaction occurring at the acidic site of Zr-PILC.
The higher CO-conversion, increased CH4 selectivity and lower C5+
hydrocarbons selectivity were obtained at higher temperature as a
result of higher hydrogenation activity of catalysts. Increase in
reaction pressure from 1 to 10 bars favored an increase in C5+
hydrocarbons and decrease in the CH4 fractions. The novel Zr-PILC
support in the family of Co-based FT catalysts is expected to achieve
higher gasoline range hydrocarbons on commercial scale.Acknowledgments
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